We examine scalar quantum electrodynamics in power-law inflation space-time, and compute the one-loop correction to electric and magnetic field correlators at superhorizon separations. The effect at one-loop descends from the coupling of the vector to the charged scalar current which is greatly enhanced due to gravitational particle production. We conclude that non-perturbative effects must exist due to (i) secular growth, (ii) spatial running, and (iii) infrared sensitivity of the one-loop correction to the correlators. Electric and magnetic correlators exhibit a hierarchy that is due to Faraday's law and accelerated expansion, and must hold non-perturbatively.
fields that couple non-conformally to gravity -light scalars and the graviton -are influenced by the expansion the most. Even at tree-level they experience the so-called gravitational particle production [3] [4] [5] [6] [7] . The virtual pairs of particles, popping in and out of existence due to quantum fluctuations, are stretched to superhorizon separations by the rapid expansion before they can annihilate. Thus, the expansion rips them from the vacuum into existence, as depicted schematically in Fig. 1 . This infrared (IR) effect is so strong that in general it leads to the symmetry restoration of symmetry breaking potentials in scalar models [8] [9] [10] [11] [12] .
Since the Higgs field is extremely light in inflation, it also experiences large IR effects.
FIG. 1. Gravitational particle production. A virtual pair created as a quantum fluctuation is stretch rapidly by the expanding space to the point where its lifetime becomes infinite, and it is ripped out of the vacuum into existence.
On the other hand, fields that couple conformally to gravity, such as gauge bosons or fermions, do not experience gravitational particle productions in conformally flat cosmological space-times, as they effectively do not distinguish between the expanding space and flat space 1 . Nevertheless, couplings of those fields to the graviton, or a light scalar such as the SM Higgs field, can communicate to them the effects of the expansion. Therefore, it is to be expected that all SM fields can be influenced by the expansion of primordial inflation, and it is important to understand what kind of signals they could impart on the cosmological observables. This question was emphasized recently in [15] [16] [17] , where the authors concentrated on how inflation changes the mass spectrum of the SM. However, as we show here, mass corrections are not the only, and may not even be the relevant observational signal of the SM in inflation. -that contains a light complex scalar with U(1) charge, and a vector that couples to it. Since the complex scalar is charged, gravitational particle production now creates pairs of opposite charge. The vector field couples to the created charges and the currents they produce, establishing electric and magnetic (E&M) fields. As the charged pair is stretched to superhorizon separations, so are the E&M fields, as is schematically depicted in Fig. 2 .
The reaction of the vector field to gravitationally induced charged currents, and the resulting superhorizon electric and magnetic fields, are one-loop quantum effects. In this work we compute the one-loop correction to the superhorizon correlators of quantum fluctutions of E&M fields, F µν (η, x)F ρσ (η, x ′ ) , (1.1) in SQED, in power-law inflation.The equal-time E&M field correlators, induced here due to interacting quantum fluctuations, bear observational relevance in relation to the problem of cosmic magnetic fields 2 , and their primordial origin [21] [22] [23] [24] . The power-law inflation, characterized by a constant non-zero slow-roll parameter, ǫ = −Ḣ/H 2 , provides a better approximation for the more realistic slow-roll inflation, compared to the de Sitter space, ǫ = 0, in which most previous works are set. This is crucial for secular effects coming from quantum loops, whose scaling generally depends on ǫ.
2 See [18] [19] [20] for recent reviews.
Investigations of the quantum loop effects of SQED in inflation originated in [25, 26] ,
where it was argued that the vector field develops an effective mass due to the large IR fluctuations of the complex scalar. This argument was based on the Hartree approximation descending from the 4-point interaction, which resembles a photon mass. It was inferred that the generation of such a mass has potential observational significance in creating cosmological magnetic fields. Even though the Hartree approximation is known not to be reliable quantitatively, the conjecture of the photon mass generation in massless SQED in de Sitter was nevertheless subsequently confirmed for a photon propagating through an ensemble of superhorizon quantum fluctuations in [27] [28] [29] , where the full one-loop computation of the vacuum polarization was performed. However, unlike the original suggestion of [25, 26] , the origin of the photon mass turned out not to be the 4-point interaction, but rather the 3-point one 3 . The mass of the photon was inferred by examining the one-loop correction to the photon mode function, and it was found that the dynamics is captured by a Proca-like photon mass term, m 2 γ = (qH) 2 2π 2 ×ln(k/H), where k is the modulus of the photon's wave-vector, and H is the de Sitter space Hubble rate. Furthermore, in [30] the one-loop corrected equations for electric and magnetic fields were solved self-consistently, and it was reported that the photon's electric field receives power-law secular enhancement ∼ a 1/2 , while the magnetic field gets a constant amplitude renormalization. The conclusion was that the dynamics of the photon was more intricate than it just developing a local effective mass. The investigation was extended to light massive and non-minimally coupled SQED in [31, 32] , with similar conclusions, the generated photon mass being m 2 γ = (qH) 2
where m φ is the complex scalar's mass, and ξ is the dimension-less non-minimal coupling. Again, the effect in the massive case also derives only from the 3-point interaction.
Investigations of SQED in de Sitter were greatly advanced in the seminal work [33] , where the authors adapted Starobinsky's stochastic formalism [34] to SQED in de Sitter.
This was accomplished in two steps: (i) the vector field was integrated out exactly, owing to it appearing only quadratically in the action, and the effective non-local scalar theory was obtained, and (ii) Starobinsky's stochastic equation was derived for the gauge-invariant scalar field variance Φ * Φ from the effective scalar theory, and solved in the late-time limit.
Thus, the leading order IR effects on the scalar have been resummed 4 to reveal that it 3 The contribution of the 4-point interaction to the vacuum polarization is precisely canceled by the local part of the 3-point contribution. The only local term surviving is the conformal anomaly. 4 For one-loop corrections the photon induces on the dynamics of the scalar see [35, 36] . develops a non-Gaussian interacting state with a non-perturbatively large variance, Φ * Φ ≈ 1.65×H 2 /q 2 , but a perturbatively small mass m 2 φ ≈ 0.45×(qH) 2 /(2π) 2 . This implies that a photon propagating through such a polarizable medium develops a non-perturbatively large effective mass, m 2 γ = 2q 2 Φ * Φ ≈ 3.3×H 2 . The work on the stochastic formalism was followed up by two-loop computations of the local scalar bi-linears, and the energy-momentum tensor, confirming its consistency [37, 38] .
Recently, comprehensive computations of the one-loop corrections to two-point functions of SM fields in de Sitter were reported in [15] [16] [17] . Out of the many cases that the authors considered, here we comment only on those immediately relevant for our work -loop corrections to the 2-point function of vector bosons in SQED and the EW sector of the SM.
They report a one-loop correction that exhibits secular growth. The correction descending from the local diagram containing only the 4-vertex is recognized to have the form of a mass insertion, which they resum using the ansatz of the Dynamical Renormalization Group (DRG) [39, 40] . Thus, the authors conclude that the effect the expanding space-time and the coupling to a light scalar have on vector fields is to change their mass spectrum. However, it should be noted that the contribution of the local one-loop diagram cancels out when all one-loop corrections are accounted for [27, 31] , and that it is actually the non-local diagram, constructed out of 3-vertices, that provides the leading correction. Furthermore, the DRG is known to treat the local diagrams correctly, reproducing the known results for the scalar fields [41] [42] [43] [44] [45] , but not for the non-local diagrams relevant for vector fields. Even though, interestingly, the reported one-loop generated mass [15] of the vector in SQED matches the one from [31] , these have a completely different origin. Moreover, adopting the unitary gauge to infer the loop corrections to the EW sector of the SM in the symmetric phase seems problematic, since the same arguments applied to SQED would eliminate the 3-vertices that are responsible for the dominant one-loop contribution.
The computation of the one-loop correction to the equal-time E&M correlators that we present here differs from the previous works in the following aspects:
• We compute the full two-point function of the E&M fields in order to quantify the loop correction, instead of the vector field mode function computed in [27, 38] . While it is true that the one-loop corrected mode function contains the same information as the one-loop corrected two-point function, and one can be reconstructed from another, they have different physical meaning. The photon mode function gives the information about the photon that propagates through a polarizable medium, the correlators of E&M fields provide information about the polarizable medium itself. This is the kind of information closer to the cosmological observables such as the cosmic microwave background that comes in the form of correlators across the sky.
• We compute a two-point function of a gauge-invariant observable, rather than the gauge-dependent two-point function of the vector field as in [15] [16] [17] . While there is nothing wrong with the latter, the physical interpretation is more obscure due to gauge dependence. This is particularly delicate when it comes to recognizing generated dynamical effective mass of a vector field, which cannot readily be inferred by comparing it to the Proca field.
• Effects at superhorizon separations that we consider descend from the non-local oneloop diagram composed out of 3-vertices of SQED, unlike Refs. [15] [16] [17] that quote the local one-loop diagram, containing only one 4-vertex, as the origin of the photon mass generation. Our work is in line with Refs. [27, 31] which demonstrated that the only local effect that does not cancel is in fact just the conformal anomaly.
• We consider the background to be power-law inflation, characterized by a finite and constant slow-roll parameter 0 < ǫ < 1, as opposed to the exact de Sitter space-time (ǫ = 0) considered previously. Observations suggest that primordial inflation had a finite and slowly-changing slow-roll parameter of the order ǫ ∼ 0.01, as measured by the spectral tilt of primordial fluctuations. Power-law inflation does not represent this faithfully, but it does capture the effects of the finite slow-roll parameter. Even though the de Sitter approximation is often good, but for the purposes of loop corrections in inflation it does not have to be so, as they typically exhibit secular corrections.
A secular correction that scales as ∼ ln(a) in de Sitter might exhibit scaling of the form ∼ (a ǫ − 1)/ǫ in power-law inflation. It is not really known how long inflation might have lasted, and given enough time these two scalings start deviating considerably. This expectation is corroborated by the computation presented here. Moreover, working in power-law inflation as opposed to exact de Sitter allows us to break the degeneracy between the (effective) particle mass and the Hubble rate. Some works would suggest that fields tend to develop effective non-minimal coupling to the Ricci scalar, as opposed to the constant mass term [46, 47] . The two have different scalings, and it is important to distinguish between the two.
The computation of the one-loop corrections that we report here is not performed by evaluating the integrals over two-point functions corresponding to one-loop Feynman diagrams given below in Figs. 4 and 5 5 . Instead, we formulate the problem in terms of doubledifferential equations descending solely from forming correlators of operator Maxwell's equations with themselves, reminiscent of Dyson-Schwinger equations in the Schwinger-Keldysh formalism [48, 49] . Solving the equations directly in the superhorizon limit is straightforward, and yields the one-loop correction to the superhorizon correlators. A similar approach has already been employed in [22] [23] [24] when computing magnetic field correlators in the radiation era (see also [50] for recent work on the topic). This procedure greatly simplifies the technical difficulties of loop computations in inflation, if at the end of the day one is interested only in superhorizon behaviour, and potentially makes the two-loop computation feasible.
We find that all the one-loop E&M correlators are enhanced compared to the tree-level vacuum fluctuations. The enhancement is manifested in three aspects: (i) secular growth, (ii) spatial running, and (iii) IR sensitivity. We find that in power-law inflation the secular growth of E&M correlators is more pronounced than in de Sitter space, thus making the perturbation theory even less well behaved. However, it is unclear exactly whether, or which aspect of the result ought to be considered as an artefact of time-dependent perturbation theory. Superhorizon correlators also grow with comoving spatial separation, providing yet another limitation of perturbation theory. Finally, The IR sensitivity is manifested by the almost logarithmic dependence of the correlators on the deep IR scale of the initial state, necessary to define the physical state of the complex scalar. All three enhancements signal potentially large non-perturbative effects for the E&M correlators of massless SQED in power-law inflation, and further investigation is clearly called for.
Even though the magnitude of non-perturbative effects is beyond the scope of this work, the one-loop computation reported here does offer an important insight. The correlators that we compute, both for the conserved U(1) current and for the E&M fields, satisfy distinct hierarchies. For current correlators the hierarchy between components is (ij) ≫ (0i) ≫ (00), while the the E&M correlators the hierarchy is (EE) ≫ (EB) ≫ (BB). Both of the hierarchies are in fact double hierarchies, satisfied by both the secular growth, and by the spatial running. These hierarchies depend only on the homogeneous operator equations: the conservation equation for the current and Faraday's law of induction for the E&M fields, and they have to hold generally in inflating space-times even at the non-perturbative level.
The amplitude of these correlators, on the other hand, is not universal and depends on the specificities of the model and the background space-time.
The remainder of the paper is organized as follows: The following section introduces the power-law inflation space-time, and the SQED model in it. Sec. III discusses our approach to quantifying quantum fluctuations -computing correlators of charge currents and EM fields, while Sec. IV and V, are devoted to computing the said correlators. The general hierarchies between the superhorizon correlators are discussed in Sec. VI, while the last section is reserved for the discussion of the results.
II. SCALAR ELECTRODYNAMICS IN FLRW
In this section we briefly introduce the power-law inflation space-time and the scalar quantum electrodynamics model living in it.
A. FLRW and power-law inflation
The invariant line element of spatially flat Friedmann-Lemaître-Robertson-Walker (FLRW) space-time in conformal coordinates is given by,
where a(η) is the scale factor expressed in terms of conformal time η, and hence the metric is conformally flat, g µν = a 2 η µν , where the Minkowski metric is η µν = diag(−1, 1, 1, 1). A quantity which encodes the rate of change of the scale factor is the conformal Hubble rate,
2)
which is related to the physical Hubble rate H as H = aH. Acceleration of the expansion is conveniently encoded by the so-called principal slow-roll parameter,
related to the often used deceleration parameter q as ǫ = q +1. When ǫ < 1 the expansion is accelerating, and when ǫ > 1 it is decelerating. In primordial inflation it typically takes small values 0 < ǫ ≪ 1. In this work we consider the special class of FLRW space-timespower-law inflation -characterized by the constant principal slow-roll parameter,
The scale factor and the conformal Hubble rate in power-law inflation are related as H = H 0 a 1−ǫ , and have particular time dependencies,
where a(η 0 ) = 1 and H(η 0 ) = H 0 . The ranges of coordinates in power-law inflation are, 6) and the conformal diagram of the space-time is given in Fig. 3 . In this paper we shall consider a more restricted class of power-law inflation for which 0 < ǫ < 1/2 for the sake of simplicity, which is also appropriate for inflation applications where 0 < ǫ ≪ 1.
It is convenient for us to define the standard notion of superhorizon separation between two points x and x ′ at equal time slices,
and also the notion of generalized superhorizon separation for non-equal times,
The latter is introduced to allow us to take time derivatives of bi-local functions in intermediate steps of the computations, but at the end we are interested in the time-coincidence limit. The symbols SH ∼ and SH ∼ will denote the two limits, respectively.
B. SQED in FLRW
The action for scalar electrodynamics in a 4-dimensional curved space-time is given by, where
covariant derivative, q is the coupling constant (the U(1) charge), and g = det(g µν ) is the metric determinant. The equations of motion for the classical theory descending from this action are,
where the source for the Maxwell's equation above is the U(1) Noether's current,
which is covariantly conserved, The dynamics of the quantum theory (scalar quantum electrodynamics -SQED) is captured by the the equations of motion formally of the same form as the classical equations (2.10), where the fields are substituted by the field operators, 
which is implicit in the operator version of equations of motion (2.10).
III. QUANTUM FLUCTUATIONS
We are interested in computing the properties of electric and magnetic fields in a globally (and locally) neutral state, that contains no condensates of electric and magnetic fields,
Even though the state has no net charge, because of the fundamental quantum nature of the fields they do exhibit quantum fluctuations, i.e. correlators of currents and field strengths do not vanish,
These correlators are what we wish to compute in time coincidence and for superhorizon distances, as defined in (2.7). In addition to being physically relevant, the superhorizon limit 6 This gauge condition should be thought of as the ξ → 0 limit of the general covariant averaged gauge,
given by the gauge-fixing action,
which is appropriate for the indefinite metric quantization.
allows us to simplify the computation considerably. Instead of going through the standard diagrammatic approach to one-loop computations, we choose to present the computation in a more intuitive framework that ties better to way things are thought of in cosmology.
The tree-level correlator of vector field strength, in absence of coupling to charged fields in power-law inflation (and in general FLRW) is given by The vector field in SQED is sourced by the complex scalar via the U(1) current. The operator versions of Maxwell equations take the form, 
5)
These equations are of a type similar to Dyson-Schwinger equations for Wightman functions.
They are perfectly suited for our purposes of perturbative computation: the source on the right hand side of (3.5) -the U(1) charge current correlator -comes multiplied by the expansion parameter q 2 . Moreover, they allow for an immediate physical interpretation: the tree-level correlator of charge currents sources the one-loop correction to the field strength correlator. This is precisely the way in which we are going to perform the computation: we shall compute the tree-level current correlator induced on the scalar by the inflating spacetime in Sec. IV, and then we shall use that result to correct the electric and magnetic field correlators in Sec. V.
IV. CURRENT CORRELATORS
The operator of the conserved U(1) current is given by (2.11) , where the fields are substituted by field operators,
and it is covariantly conserved as an operator identity,
Here we wish to compute the correlators of the components of the U (1 
with respect to the locally (and globally) neutral state, i.e. the state in which the expectation value of the current vanishes, Ĵ µ (x) = 0. Even though neutral on average, that state still experiences quantum fluctuations, and hence the local charge also must fluctuate.
This effect is captured by the components of the current correlators. We compute these to leading order in the coupling constant, which corresponds to neglecting its coupling to the vector. For the globally neutral state the leading order current correlators reduce to
where i∆(x; x ′ ) is the 2-point function of the free complex scalar field 7 ,
For a discussion on charge fluctuations in primordial inflation and their possible effects during and after inflation see [22, 23, 51, 52] .
When the scalar two-point function (propagator) in (4.4) is known then it is a simple matter of acting on it with derivatives to obtain the charge current correlators in (4.3).
However, the propagator for the minimally coupled massless scalar is not known for arbitrary 7 The 2-point function we consider has no time ordering in its definition, i.e. it is a Wightman rather than the Feynman 2-point function. However, as we are interested in correlators on superhorizon distances, using either suffices, and we do not distinguish between them explicitly.
FLRW space-times 8 . One notable example is the power-law inflation space-time introduced in Sec. II A, for which scalar propagator has been reported in [53] . Here we quote its D = 4 limit which reads,
where we have introduced the distance function,
with ∆ x = x− x ′ , the parameters and their ranges are,
and where k 0 is the effective IR regulator 9 , satisfying 0 < k 0 ≪ (1−ǫ)H 0 . The dependence on the scale k 0 descends from the fact that the Bunsh-Davies state of the minimally coupled scalar is IR divergent, which physically implies vast IR gravitational particle production, and k 0 should properly be seen as dependence on the initial conditions.
As we are interested in computing the correlators at superhorizon distances we will only need the asymptotic form of the propagator,
Plugging this expansion into (4.3) yields the desired leading order contributions to su- 8 In the case of the conformally coupled scalar the propagator is known for all the FLRW space-times since it is not sensitive to the expansion, and takes the form of the rescaled flat space propagator. 9 The scalar propagator in (4.5) is valid for k 0 ∆ x ≪ 1. Beyond this region its form changes and it typically decays exponentially with spatial distance, depending on the specifics of the deep IR sector of the state. perhorizon current correlators,
where the overall normalization constant is
(4.12)
The conservation of the current operator (4.2) implies consistency conditions on both legs of the current correlators,
which are exactly satisfied by (4.9-4.11). Note that, apart from the numerical coefficients and the tensor structures, at late times, and large spatial separations, the (00) correlator is down by a factor H ′ ∆ x compared to the (0i) correlator, which is down by a factor H ∆ x compared to the (ij) correlator. This hierarchy is a generic feature expounded on in Sec.VI.
In the language of the Schwinger-Keldysh formalism of QFT, the charge correlators we have computed correspond to the the (−+) component of the one-loop vacuum polarization, 15) which at superhorizon distances also corresponds to the (++) component,
where T denotes time-ordering. The factors of the scale factor are due to the definition of vacuum polarization. The diagrams corresponding to the one-loop vacuum polarization are given in Fig. 4 . It is only the non-local diagram that contributes to the (−+) component, while all three contribute to the (++) component. However, the two local diagrams contribute only in coincidence, ∝ δ 4 (x−x ′ ), and not for superhorizon separations. We neglect their contributions on two accounts: (i) it was shown in [27, 31] that in de Sitter space the only local contribution contributing to the vacuum polarization is the conformal anomaly, whose effect is weak [14] , and (ii) we expect them to contribute only subdominantly as they correspond to homogeneous solutions of Eqs. (5.12-5.12) discussed in the following section.
Determining whether correlators (4.9-4.11) represent a big or a small effect is not as straightforward since (i) there is no lower-order effect to compare to, and (ii) the redshifting of the correlators depends on whether we present them with raised or lowered indices. A more meaningful comparison can be done on the level of electric and magnetic field correlators given in Sec. V, where one can compare them to tree-level contribution (3.3).
The exact de Sitter limit, ǫ → 0, of the current correlators (4.11-4.9) takes a simpler form,
where γ E is the Euler-Mascheroni constant. It provides an important consistency check with the previously reported results, as it reproduces the superhorizon limit of the vacuum polarization from [27] (Eq. (73) from their paper), provided that we make the identification k 0 = H 0 e 1−γ E , and taking the factors from (4.15) into account.
V. FIELD STRENGTH CORRELATORS
Charge current correlators are not the best object to characterize the physical behaviour.
At tree-level they are zero so we have nothing to compare with when asking how big they are. More appropriate quantities are correlators of vector field strength tensor,
It is better to present this correlator in the form of electric and magnetic field correlators, where the E&M field operators are, respectively,
and where ε ijk is the 3-dimensional Levi-Civita symbol. The E&M correlators exist even in the free theory because of the quantum fluctuations. Due to the conformal coupling, the free vector field does not sense the expansion of the FLRW space-time, and the electric and magnetic field correlators take the same form (3.3) as in flat space,
As a consequence of coupling to the charged scalar this does not remain true -the scalar mediates the effects of the expansion to the vector field.
We quantify the influence of the charged scalar on the vector by computing the one-loop correction to E&M field correlators, which is the first correction in the coupling constant q 2 .
This we do by solving perturbatively a variant of the equations (3.5) and (3.6) for the correlators derived in Sec. III. Instead of the covariant version, it is better to write them in terms of E&M fields, for which the Maxwell's equations read,
The first line corresponds to the the inhomogeneous equation in (3.4) containing respectively Gauss' law and Ampère's law, while the second line corresponds to the homogeneous equations in (3.4) containing respectively the law of vanishing magnetic charge, and Faraday's law. Instead of forming the correlators of these first order equations directly, it is more convenient to use the second-order sourced wave equations,
in which E&M fields decouple. Forming the correlators between different combinations of the two equations above results in,
The utility of these particular equations becomes apparent when we apply them to solving for superhorizon correlators. Firstly, the spatial derivatives on the left hand sides may be dropped in this limit, and secondly, all current correlators on the right hand side, except the (ij) component, may be dropped due to the superhorizon hierarchy between them discussed in Sec. IV,
Furthermore, the (ij) component (4.11) of the current correlator is time-independent, making the task of inverting the time derivatives on the left-hand side straightforward. Making use of (2.5),
Note here that here we write a 2ǫ −1 instead of just a 2ǫ , which suffices to capture the latetime behaviour for ǫ > 0. This is to allow us to take the de Sitter limit, ǫ → 0, where this combination turns into a logarithm due to the accompanying 1/ǫ factor. Therefore, the de Sitter limit of the correlators above is simply obtained by taking the limit of the time-dependent prefactors carefully, [a 2ǫ −1]/2ǫ ǫ→0 − − → ln(a), and using the de Sitter limit of the current correlators from (4.19).
The solutions (5.16-5.18 ) pass the consistency checks as they satisfy the various relations descending from the linear Maxwell equations (5.6) and (5.7). In particular relations descending from the inhomogeneous equations,
are satisfied to leading order, and the relations descending from homogeneous equations, The computation presented here is equivalent to the standard QFT computation, where we would first compute the one-loop correction to the Wightman two-point function of the vector field Â µ (x)Â ν (x ′ ) , given by the diagrams in Fig. 5 , and then act with derivative operators to obtain the E&M correlators,
As we are only interested in superhorizon behaviour, this way we have avoided having to go through a more complicated computation of first computing a gauge-dependent object and only then acting with derivative operators to project out the physical information. In fact, it is not possible to perform the dimensionally regulated one-loop computation in power-law inflation, since the photon propagators have not been reported in D-dimensional power-law inflation, and would have to be computed first. Our computation captures the effects of the first diagram in Fig. 5 , which is the important one at superhorizon separations, and represents the reaction of the photon to the charge current fluctuations of the complex scalar induced by the expansion of the space-time (see Fig. 2 ). We conclude this section by presenting the full expressions for the one-loop corrected equal-time correlators of electric and magnetic fields at superhorizon separations, (5.29) where the short hand notation is,
, (5.30)
, (5.31)
Importantly, note that no matter how small the coupling constant q is, given enough time the one-loop correction will dominate over the tree-level contribution due to power-law secular growth. Moreover, note that one-loop corrections satisfy a hierarchy. Apart from the numerical coefficients, and the tensor structures, the (BB) correlator is down by a factor H ∆ x compared to the (EB) correlator, which is down by a factor H ∆ x compared to the (EE) correlator. We will see in Sec. VI this is not a peculiarity of the model, but rather a generic feature of E&M correlators in inflation.
The de Sitter limit of the equal-time correlators (5.27-5.29 ) takes a simpler form,
Note that the hierarchy here is supplemented by additional factors of ln(a).
VI. SUPERHORIZON HIERARCHIES
The final results for the superhorizon correlators in both Sec. IV and V exhibit two types of hierarchies when in time-coincidence (η ′ = η). Firstly, the secular late-time hierarchy, where given enough time the hierarchy develops because of secular growth, and secondly, the spatial running hierarchy, where the larger the spatial separation, the larger the relative magnitude of correlators. For the conserved current correlators the hierarchy (up to numerical factors and tensor structures) takes the form,
and for the E&M correlators,
These hierarchies seem very similar, as the ratios are powers of H ∆ x . However, they are actually independent of each other and have different origins. The current hierarchies are a consequence of the covariant conservation of the U(1) current (4.2), while the E&M hierarchies are a consequence of Faraday's law (5.7). In Sec IV and V these two laws given by homogeneous equations have been utilized as consistency checks of the solutions obtained from the inhomogeneous equations. Here we demonstrate that it is these laws that are responsible for the hierarchies in the first place.
The relevance of Faraday's law for redshifting of superhorizon magnetic fields was pointed out recently in [54] . There it was found to lead to very different scaling of magnetic fields in the radiation-dominated epoch, provided there was a large electric field generated in inflation. While in decelerating periods of expansion Faraday's law tells us something about the transients, in inflation it is responsible for establishing a definite hierarchy between the E&M correlators, on the account of accelerated expansion of the background space-time.
The conservation equation does the same for current correlators.
The hierarchies are not specific to the particular model we examined in this paper, but rather arise generically in inflation, and are expected to hold at the non-perturbative level as well. The expressions we give are specific to power-law inflation, but should get only small corrections in general slow-roll inflation. On the other hand, the amplitude of the correlators is not universal, and does depend on the model, etc. In the following Sec. VI A and VI B we give a brief account on the general structure of hierarchies between the current correlators, and between the E&M correlators. The detailed study is left for future work.
A. Conserved currents
Provided that the covariant conservation of the currents is not broken by quantum effects, we may use the conservation equation (4.2) as an operator identity, and we may form 2-point functions (correlators) of conserved current operators. Let us assume that at superhorizon separations the (00) current correlator has the following leading asymptotic behaviour,
It follows immediately solely from the conservation equation that the remaining current correlators are,
where # is an undetermined constant. This is precisely the hierarchy observed in (4.9-4.11)
that we have derived here without refering to the actual model, or making coupling constant expansions.
B. E&M fields
Let us assume that the magnetic field correlator at superhorizon separations behaves at leading order as 10 ,
such that it satisfies the condition of no magnetic charge from (5.7). Then the remaining E&M correlators follow from the Faraday's law in (5.7),
where # is an undetermined constant. Thus, Faraday's law precisely leads to the superhorizon hierarchies observed in (5.27-5.29 ), which we have derived without assuming a particular model, or any particular approximation scheme, Therefore, this is a general feature of E&M correlators at superhorizon separations in inflation. Strictly speaking, the hierarchy in this section has been derived for power-law infation. However, we expect the results to hold with small corrections in general power-law inflation.
VII. DISCUSSION
In this work we have examined how the vector in the massless SQED model responds to the charged current fluctuations of the complex scalar induced by the accelerating expansion of power-law inflation. More precisely, the effects that we have taken into account are
• The creation of U(1) charge fluctuations of the complex scalar due to the expansion,
• Reaction of the U(1) vector field to the gravitationally created charge fluctuations of the complex scalar, which constitute one-loop effects. The effect is quantified by the two-point functions of conserved currents (4.9)-(4.11), which source the two-point function of electric and magnetic field fluctuations, given in in (5.27)-(5.29); these constitute the main result of the paper.
The E&M correlators exhibit three relevant properties,
• Secular enhancement -growth in time compared to the tree-level correlators
• Spatial running -growth with spatial separation compared to the tree-level correlators,
• IR sensitivity -dependence on the IR scale present in the scalar propagator.
All three point to potentially large non-perturbative IR effects. One might wonder whether the secular enhancement and spatial running go hand-in-hand with IR sensitivity, and would be removed by resumming the leading orders at each loop. This, however, does not seem to be the case, since all the E&M correlators have the same dependence on the IR scale k 0 , but different secular and spatial running.
It is noteworthy that both the components of the tree-level conserved current correlators (4.9)-(4.11), and the one-loop E&M correlators (5.27)-(5.29) satisfy hierarchies, (6.1) and (6.2), respectively. Even though our results pertain to the one-loop level, the hierarchies correlators satisfy must hold at the non-perturbative level as well, as they are consequences of operator versions of current conservation and Faraday's law.
The results presented here open up several directions for further investigation. The large electric field fluctuations coherent over superhorizon separations might dynamically provide the electric field necessary for the occurrence of the Schwinger mechanism -production of charged pairs in external electric fields -that has attracted attention recently [55] [56] [57] , more so due to possible imprints it might leave on the cosmological observables. Furthermore, technical simplifications brought about by casting the problem in terms of double-differential equations (5.10-5.12) for correlators make two-loop computation far more feasible. These equations can be readily solved in the superhorizon limit, and eliminate the need of computing some of the integrals associated with Feynman diagrams. At one-loop there was no need for regularization and renormalization since we examined off-coincident full two-point functions. At two-loop order we likely require only renormalization of the one-loop vacuum polarization and scalar self-mass in power-law inflation; both are eminently feasible computations that have thus far been performed only in de Sitter space [27, 31, 35] .
Finally, the properties of the correlators discussed in this work make a good case for the eventual breakdown of perturbation theory. The question then arises on whether this breakdown signifies the existence of large non-perturbative effects. This question can only be answered by going beyond perturbation theory in the IR, for example by setting up the full set of corresponding Starobinsky's stochastic equations, generalizing the approach of [41, 58] , and examining both the vector and complex scalar. The Renormalization Group can then be used in this stochastic context to examine properties of the correlators at large spatial separations, see [59] for an application to a test field in de Sitter. This will require adaptation of existing techniques. Furthermore, obtaining further perturbative results to higher loop orders, using the techniques discussed in this work, would be very useful as (i) they would establish how higher order physical processes scale in time and with spatial separation, and (ii) would provide a consistency check that any resummation method has to reproduce. We hope to return to all these issues in future work.
